Cytokine signaling by the Jak-STAT pathway is subject to complex negative regulation that limits the amplitude and duration of signal transduction. Inhibition of signaling also mediates negative crosstalk, whereby factors with opposing biological activities crossinhibit each other's function. Here, we investigated a rapidly inducible mechanism that inhibited Jak-STAT activation by IFN interferon ͉ macrophage ͉ Stat T ype I IFNs (IFNs ␣͞␤) are pleiotropic cytokines with potent antiviral, growth-inhibitory, antitumor, and immunomodulatory properties (1-3). Type I IFNs elicit cellular responses by binding to a heterodimeric receptor termed IFNAR that consists of IFNAR1 and IFNAR2 subunits. Ligation of IFNAR results in activation of the receptor-associated Janus tyrosine kinases, Jak1 and Tyk2, which in turn leads to tyrosine phosphorylation and activation of latent transcription factors termed STATs (4). Activated STATs then form homodimers or heterodimers and translocate into the nucleus, bind to conserved promoter sequences, and induce the transcription of IFN-responsive genes. IFN-␣͞␤ primarily activates Stat1, Stat2, and Stat3 in most types of cells and can also activate Stat4, Stat5, and Stat6 in a cell type-specific manner (2). With IRF9, Stat1:Stat2 heterodimers form the IFN-stimulated gene factor 3, which binds to cis-acting DNA sequences termed IFN-stimulated response elements. Stat1:Stat1 and Stat3:Stat3 homodimers and Stat1:Stat3 heterodimers formed in response to IFN-␣͞␤ stimulation bind to IFN-␥-activated sequence elements. The activation of multiple STATs and other related signaling pathways by type I IFNs may explain the pleiotropic nature of this cytokine and its transcriptional activation of a plethora of genes that mediate the induction of biologic responses.
T ype I IFNs (IFNs ␣͞␤) are pleiotropic cytokines with potent antiviral, growth-inhibitory, antitumor, and immunomodulatory properties (1) (2) (3) . Type I IFNs elicit cellular responses by binding to a heterodimeric receptor termed IFNAR that consists of IFNAR1 and IFNAR2 subunits. Ligation of IFNAR results in activation of the receptor-associated Janus tyrosine kinases, Jak1 and Tyk2, which in turn leads to tyrosine phosphorylation and activation of latent transcription factors termed STATs (4). Activated STATs then form homodimers or heterodimers and translocate into the nucleus, bind to conserved promoter sequences, and induce the transcription of IFN-responsive genes. IFN-␣͞␤ primarily activates Stat1, Stat2, and Stat3 in most types of cells and can also activate Stat4, Stat5, and Stat6 in a cell type-specific manner (2) . With IRF9, Stat1:Stat2 heterodimers form the IFN-stimulated gene factor 3, which binds to cis-acting DNA sequences termed IFN-stimulated response elements. Stat1:Stat1 and Stat3:Stat3 homodimers and Stat1:Stat3 heterodimers formed in response to IFN-␣͞␤ stimulation bind to IFN-␥-activated sequence elements. The activation of multiple STATs and other related signaling pathways by type I IFNs may explain the pleiotropic nature of this cytokine and its transcriptional activation of a plethora of genes that mediate the induction of biologic responses.
Prominent effects of type I IFNs are their antiviral and antiproliferative actions (1, 2) . Thus, IFN-␣͞␤ has been used as a therapeutic reagent in the treatment of a variety of diseases, such as cancer and viral infection (5) (6) (7) . However, resistance to the effects of IFN-␣͞␤ is an important clinical problem. A significant number of patients have been reported not to respond to IFN even at the time of initial therapy, and many patients become resistant after long-term treatment (8, 9) . IFN-␣ signaling and function can be suppressed by several mechanisms, including suppression that occurs during antibody-mediated enhancement of infections of macrophages by single-stranded RNA (ssRNA) viruses, which is presumably mediated by Toll-like receptors (TLRs) and Fc receptors (10) . Further investigation of mechanisms of inhibition of IFN-␣͞␤ signaling will yield insights into viral pathogenesis and may facilitate the development of therapeutic approaches that overcome IFN resistance.
Many mechanisms that suppress cytokine and IFN signaling by means of the Jak-STAT pathway have been described (11) (12) (13) , including (i) inhibition of receptor expression or targeting receptors for proteolytic destruction by suppressors of cytokine signaling (SOCS), (ii) inhibition of Jak catalytic activity by SOCS, (iii) dephosphorylation of receptor or Jak tyrosine residues mediated by the SH2-containing phosphatases SHP-1 and SHP-2 and by CD45, (iv) dephosphorylation of STATs in the nucleus, and (v) inhibition of STAT DNA binding by protein inhibitors of activated STATs (14) . Our laboratory and others have described rapidly activated pathways that inhibit signaling by IL-2, IL-4, IL-6, and IL-10 by mechanisms that depend on activation of extracellular signalregulated kinases (ERKs), p38, or PKC (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Rapid inhibition of cytokine signaling mediated by these kinases mostly occurs at the level of the receptor or associated signaling proteins by means of posttranslational modification, which is independent of de novo protein synthesis. Thus, ERKs, p38, and PKC can inhibit cytokine signaling independently of the induction of SOCS expression. However, the molecular targets of mitogen-activated protein kinases (MAPKs) and PKC and the precise mechanism by which they inhibit cytokine signaling have not been delineated.
In this report, we demonstrate that IFN-␣ signaling is inhibited by a rapidly inducible, direct inhibitory pathway that requires both PKC␤ and SHP-2. We propose a model whereby, after activation, PKC␤ is recruited to IFNAR and inhibits IFN-␣ signaling by activating the catalytic activity of IFNAR-associated SHP-2. Therefore, our results further delineate a mechanism of the negative regulation of Jak-STAT signaling.
Materials and Methods
Cell Culture and Reagents. Cell lines were purchased from American Type Culture Collection and cultured in RPMI medium 1860 with 10% FBS. NIH 3T3 cells, immortalized SHP-2-deficient fibroblasts, and SHP-2-deficient cells reconstituted with SHP-2 were maintained in DMEM with 10% FBS as described in ref. 25 . Transgenic mice carrying the SHP-2 floxed allele (Shp-2fl͞fl) were crossed to a Cre transgenic mouse line in which the Cre recombinase expression is under the control of the M lysozyme promoter to generate Shp-2fl͞fl;LysMCre mice, in which the Shp-2 gene is deleted in Immunoblotting, EMSA, and Immunoprecipitation. Whole-cell extract preparation, immunoblotting, and EMSA were performed as described in ref. 16 . For immunoprecipitations, cells were lysed in lysis buffer containing 20 mM Tris⅐HCl (pH 6.6), 1% Brij58 or Triton X-100, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1.0 mM sodium fluoride, 1.0 mM sodium orthovanadate, 1.0 mM PMSF, 0.5 g͞ml leupeptin, and 5.0 g͞ml trypsin inhibitor. Cell lysates were incubated overnight at 4°C with immunoprecipitating antibodies.
In Vitro Phosphatase Assay. Phosphatase assays were carried out as described in ref. 26 with anti-SHP-2 antibodies. The release of free phosphate was measured by using malachite green (Upstate Biotechnology, Lake Placid, NY) according to the manufacturer's instructions.
Immunofluorescence and Confocal Microscopy. Cells were fixed and permeabilized with cold 100% methanol for 5 min at room temperature or with 0.1% saponin͞0.5% gelatin in PBS for 10 min at room temperature and stained with primary antibodies. Alexa Fluor 488-or Alexa Fluor 594-conjugated secondary antibodies (Molecular Probes) were used. Slides were visualized by using a confocal fluorescence microscope (model LSM510, Zeiss). Colocalization analyses were performed by using METAMORPH software (Universal Imaging, Downingtown, PA).
Cell Surface Biotinylation and Membrane Fractionation. The cell surface biotinylation assay was performed as described in ref. 27 . Membrane fractionation was carried out as described in ref. 28 .
Results

Inhibition of IFN-␣-Induced Jak-STAT Signaling by PKC.
Based on the suggestion that Fc receptors and TLRs may contribute to the suppression of the earliest antiviral effects of IFN-␣͞␤(10), we investigated the effects of activating macrophage Fc␥ receptors (Fc␥Rs) or TLRs on IFN-␣ signaling. IFN-␣ induced tyrosine phosphorylation of both Stat1 and Stat3, as expected ( Fig. 1) . Crosslinking of Fc␥Rs, or incubation with R848, a synthetic ligand that activates TLR7 and TLR8 and is generally used as a mimic of the effects of viral ssRNA (29, 30) , before addition of IFN-␣ inhibited IFN-␣-induced tyrosine phosphorylation of Stat1 and Stat3 ( Fig. 1 A and B) . Given that PKC is involved in Fc␥R signaling (31) and also in Fc␥R-mediated inhibition of Jak-STAT signaling (15, (19) (20) (21) , we investigated whether the inhibition of IFN-␣ signaling depended on PKC. Fc␥R-and R848-mediated inhibition of IFN-␣ signaling was abolished when the selective PKC inhibitor GF109203X was added, suggesting that PKC was required for inhibition of IFN-␣ signaling by both stimuli ( Fig. 1 A and B) . Experiments using macrophages deficient in specific PKC isozymes (32) demonstrated that inhibition of IFN-␣ signaling by both Fc␥Rs and R848 depended on PKC␤ but not on PKC␦ ( Fig. 1 C and D) .
We investigated whether PKC␤ regulated IFN-␣ signaling independently of preactivation of Fc␥Rs or TLR7͞8 by comparing the amplitude and kinetics of Stat1 and Stat3 tyrosine phosphorylation in wild-type and PKC␤-and PKC␦-deficient macrophages. Activation of STATs by IFN-␣ was nearly identical in wild-type and PKC␤-deficient macrophages and was modestly increased at early time points in PKC␦-deficient macrophages ( Fig. 2A) . Consistent with similar patterns of signal transduction, the activation of Mx and ISG54 mRNA expression by IFN-␣ was comparable in wild-type and PKC␤-and PKC␦-deficient macrophages (Fig. 2B) . The results, taken together, indicate that PKC␤ mediates modulation of IFN-␣ signaling by other ligands, whereas PKC␦ appears to play a modest role in regulating the amplitude of the IFN-␣ response in the absence of other ligands. Coordinate regulation of tyrosine kinase signaling by two different PKC isozymes acting by different mechanisms has been previously reported (33) .
We used the direct PKC activator PMA to determine whether activation of PKC was sufficient to inhibit IFN-␣-induced STAT activation. Pretreatment of primary human macrophages with PMA inhibited IFN-␣-induced STAT tyrosine phosphorylation (Fig. 3A) , DNA binding (Fig. 3B) , and nuclear translocation (Fig.  3C) . Inhibition of IFN-␣-induced STAT activation was not limited to primary macrophages and was also observed in THP-1, RAW267.4, NIH 3T3, and COS cells (data not shown). Activation of PKC resulted in the rapid inhibition of IFN-␣ signaling; a 5-min preincubation with PMA was sufficient to inhibit IFN-␣-induced STAT activation (Fig. 3 A and B) . Moreover, PMA-induced inhibition of IFN-␣ signaling was reversed by the PKC inhibitor GF109203X but not by inhibitors of several other kinases, including MAPKs that are activated downstream of PKC, or when de novo gene expression was blocked by using actinomycin D (Fig. 3D ). Similar to Fc␥R ligation and R848 (Fig. 1) , inhibition of IFN-␣ signaling by PMA depended on PKC␤ (Fig. 3E ). Taken together, these results indicate that PKC␤ rapidly inhibits IFN-␣ signaling and suggest that the mechanism of inhibition is direct and does not require activation of downstream kinases or de novo expression of inhibitors.
PKC Inhibits IFN-␣-Mediated Gene Activation and Antiviral Responses.
We tested the effects of PMA, Fc␥R crosslinking, and R848 on IFN-␣-induced activation of gene expression. PMA and Fc␥R crosslinking did not increase the expression of oligoadenylate synthetase (OAS), Mx, Cig5, or ISG54 mRNA but effectively suppressed IFN-␣ induction of these genes (Fig. 4Aa) . In contrast, R848 induced expression of OAS, Mx, Cig5, and ISG54 mRNA, consistent with the induction of endogenous type I IFNs by this compound that has antiviral properties (34) . Interestingly, R848 prevented the stronger activation of these genes by exogenous IFN-␣. These results are consistent with a feedback inhibition loop whereby TLRs7͞8 limit the autocrine activity of type I IFNs produced in response to TLR7͞8 ligation. In contrast to wild-type murine macrophages, inhibition of IFN-␣-induced gene expression by PMA, Fc␥R crosslinking, or R848 was not observed in PKC␤-deficient macrophages (Fig. 4Ab) , further supporting a role for PKC␤ in Fc␥R and R848 inhibition of type I IFN signaling. Inhibition of the induction of the OAS and Mx genes that have antiviral function suggested that inhibition of IFN-␣ signaling would lead to a diminished IFN-␣-mediated antiviral response, which depends on activation of the Jak-STAT signaling pathway (3, 4) . We examined whether PKC activation affected IFN-␣-mediated antiviral responses by using a standard cytopathic effect assay. In this assay, 2fTGH cell monolayers treated with a maximally protective dose of IFN-␣ with or without a 60-min PMA pretreatment were infected with serial dilutions of encephalomyocarditis virus. Protection by IFN-␣ was quantitated by comparing the virus concentrations required to generate 50% of cell killing. As expected, IFN-␣ induced Ͼ1,000-fold antiviral protection (Fig. 4B) , whereas this IFN-␣-mediated antiviral effect was almost completely abrogated when cells were pretreated with PMA (Fig. 4 B and C) . Thus, inhibition of IFN-␣ signaling correlated with the inhibition of an important physiological function of IFN-␣.
PKC Inhibits a Proximal Step in IFN-␣ Signaling Upstream of STATs.
PKC can inhibit cellular responses to extracellular ligands by down-regulating receptor expression (15, 35) . Therefore, we investigated the effects of PKC activation on cell surface expression of IFNAR. In the first approach, we specifically precipitated cell surface proteins by using cell surface biotinylation followed by avidin-mediated precipitation and used immunoblotting to mea- sure cell surface expression of IFNAR. PMA treatment did not affect cell surface receptor expression of IFNAR1 or IFNAR2 (Fig.  5A ), indicating that PMA did not inhibit IFN-␣ signaling by modulating IFNAR expression at the cell surface. In support of this finding, confocal microscopy showed little change in cell surface IFNAR expression after PMA treatment (Fig. 5B) . However, PMA induced a translocation of PKC␤ to the plasma membrane, where PKC␤ colocalized with the IFNAR (Fig. 5 B and C) . R848 and Fc␥R ligation also induced translocation of PKC␤ to membranes (Fig. 5C ), thus confirming activation of PKC␤ by these ligands in our system. TLRs have been previously shown to activate PKC (36), and Fc␥Rs have been shown to activate PKC␤ (31). These results, together with PMA-induced coimmunoprecipitation of IFNAR and PKC␤ (see below), suggested that PKC␤ inhibits IFN-␣ signaling at the level of the IFNAR and thus inhibits a proximal step in IFN-␣ signal transduction. This notion was tested by measuring the effects of PMA on the activation of IFNAR-associated Jaks. IFN-␣ rapidly induced the phosphorylation of both Jak1 and Tyk2, whereas pretreatment with PMA suppressed Jak1 and Tyk2 phosphorylation (Fig. 5D) . These results suggested that PKC inhibited IFNAR has been reported to be associated with receptor for activated C-kinase 1 (RACK1) (37) , which is a specific intracellular receptor for activated PKC␤. Therefore, we investigated whether PKC␤ is recruited to IFNAR2, which is preassociated with RACK1, Jak1, and SHP-2 (3, (37) (38) (39) . To examine the physical association of PKC␤ with IFNAR, we performed coimmunoprecipitation assays. PMA treatment resulted in an increase in the association of PKC␤ with IFNAR2 that was highly reproducible in a stimulus-and time-dependent manner (Fig. 6A) , supporting the notion that the recruitment of PKC␤ to IFNAR mediates inhibition of signaling. Among potential mediators of inhibition of IFN-␣ signaling, we considered SHP-2, which is a phosphorylation target for PKC (40) , constitutively associates with IFNAR (38, 39) , and regulates IFN-␣ signaling (38, 39) . Coimmunoprecipitation assays showed that PMA induced the association of PKC␤ with SHP-2 ( Fig. 6B) , which was also associated with Jak1 and RACK1, likely in the IFNAR signaling complex (Fig. 6 A and B) . These results suggested that activated PKC␤ could phosphorylate and thereby activate SHP-2. We then tested the effects of IFN-␣ and PMA on SHP-2 phosphatase activity. SHP-2 was immunoprecipitated from cells that had been treated with IFN-␣ with or without PMA pretreatment, and SHP-2 catalytic activity was analyzed by an in vitro phosphatase assay. IFN-␣ alone induced an increase in SHP-2 activity (Fig. 6C) , consistent with a constitutive role for SHP-2 in limiting IFNAR signaling (39, 41, 42) . PMA pretreatment resulted in a superinduction of SHP-2 activity, suggesting that PKCdependent activation of SHP-2 contributes to PKC-dependent inhibition of IFN-␣ signaling. Furthermore, the PMA-induced increase in SHP-2 activity was inhibited by the PKC inhibitor GF109203X (Fig. 6D) . These results suggested a role for SHP-2 in mediating PKC-induced inhibition of IFN-␣ signaling. To more definitively address the role of SHP-2 in PKC-induced inhibition of IFN-␣ signaling, we compared the effects of Fc␥R crosslinking and R848 on IFN-␣ signaling in macrophages derived from mice containing floxed shp-2 alleles and mice in which the shp-2 gene had been specifically deleted in myeloid lineage cells. Inhibition of IFN-␣ signaling by both Fc␥R ligation and R848 was partially reversed in SHP-2-deficient cells (Fig. 6E) , indicating a role for SHP-2 in inhibition of signaling. Because macrophages express SHP-1 that can potentially compensate for SHP-2 function, we also tested SHP-2-deficient fibroblasts that do not express SHP-1. Wild-type fibroblasts were sensitive to the inhibitory effect of PMA, whereas this inhibitory effect was abrogated in SHP-2-deficient cells (Fig. 6F) . Moreover, reconstitution of SHP-2-deficient cells with wild-type SHP-2 restored the ability of PMA to inhibit IFN-␣ signaling (Fig. 6F) . Taken together, these data indicate that SHP-2 is required for PKC-dependent inhibition of IFN-␣ signaling and suggest that a signal pathway involving PKC␤3SHP-23Jak kinases modulates the amplitude of IFN-␣ signaling.
Discussion
Negative regulation of the cytokine-activated Jak-STAT signaling pathway is extremely complex, reflecting the need to fine-tune cytokine signaling and avoid potentially deleterious consequences of excessive cell activation. We and others have described a direct pathway that inhibits Jak-STAT signaling where inhibition is mediated by rapid modification of signaling molecules by serine͞ threonine kinases of the PKC or MAPK families (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . However, the molecular targets for these kinases have not been identified, and the mechanisms of inhibition have not been clarified. In this report, we have delineated a direct pathway that inhibits IFNAR signaling by means of PKC␤-mediated activation of SHP-2, which provides a mechanism for crosstalk between the Jak-STAT pathway and other signaling pathways that activate PKC␤.
Inhibition of Jak-STAT signaling mediated by de novo induction of SOCS protein expression is the most thoroughly characterized pathway for down-regulating Jak-STAT signaling. SOCS inhibit cytokine signaling by several mechanisms, including targeting receptors for proteolytic degradation, inhibiting Jak catalytic activity, and competing with STATs for receptor docking sites. Less is known about direct kinase-dependent signaling crosstalk and inhibition of STAT activation, but the emerging evidence suggests a similar complexity in that several kinases can inhibit different receptors by different mechanisms. Activation of the extracellular signal-regulated kinase and p38 MAPKs by factors such as IL-1 and TNF effectively inhibits IL-6 signaling by a mechanism that appears to involve recruitment of SHP-2 to IL-6 receptors (23, 43) . In contrast, cytokines such as IFNs and IL-10 are resistant to inhibition by MAPKs (24) but are inhibited by PKC, which also contributes to the inhibition of IL-2 and IL-4 signaling in T cells (17, 22) . Within the PKC family, PKC␦ inhibits IL-10 signaling by inducing internalization of the IL-10 receptor (15); this study shows that PKC␤ does not affect cell surface IFNAR expression but inhibits IFN-␣ signaling by activating IFNAR-associated SHP-2. Thus, MAPKs and PKC isozymes target different signaling molecules to inhibit signaling by different cytokines.
Our results demonstrate that physiological stimuli that induce PKC␤ translocation to membranes, where PKC␤ interacts with IFNAR, inhibit IFN-␣ signaling. Activated PKC␤ is recruited to membranes through interaction with its intracellular receptor, RACK1. Therefore, PKC␤ can potentially inhibit signaling by cytokine receptors that associate with RACK1. Although to date IFNAR is the only cytokine receptor with which RACK1 is known to associate, RACK1 has been shown to interact with Tyk2 (44). Thus, it is possible that PKC␤ inhibits signaling by other Tyk2-associated receptors, such as members of the IFN-, IL-10, and IL-12 receptor families (45) . However, because SHP-2 does not associate with receptors of the IL-10 and IL-12 receptor families, PKC␤ would need to regulate the function of these receptors by phosphorylating other receptor-associated proteins or the receptors themselves. Given the precedents that PKCs can negatively regulate the catalytic activity of protein tyrosine kinases, including Jak2 (19), it is possible that PKC␤ inhibits receptor-associated Jaks by direct phosphorylation.
IFN-␣ signaling is regulated during the course of an immune response (46) , and our results suggest that immune complexes and Fc receptors can contribute to this regulation. Interestingly, IFN-␣ signaling was also suppressed by the guanosine analog R848 that activates TLRs 7 and 8 and is widely used as a mimic of ssRNA that is produced during viral infection and induces type I IFN production. This finding suggests that production of ssRNA during a viral infection will compromise the antiviral effect of IFN-␣ on infected cells (similar to the effect seen in Figs. 1 and 4) but that uninfected cells will remain sensitive to IFNs. These observations may also provide a key insight into the mechanism of antibody-dependent enhancement of viral infection, where it has been proposed that the antiviral effects of IFN-␣͞␤ are suppressed by Fc receptors and possibly by receptors for ssRNA (10) . Further investigation of the role of PKC-dependent inhibition of IFNAR signaling in the development of IFN resistance and its relevance to the pathogenesis of viral infections is needed.
